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Adult ratine co-secreted with neurotransmitters. In this work its effects on N-type Ca2+
channel (CaV2.2) have been studied on adult sensory neurons of the rat by means of whole-cell patch-clamp.
Spe exerted biphasic effects when added to the external solution: at 500 μM decreased N-type Ca2+ channel
currents, reducing the maximum whole-cell conductance, shifting the activation curve to the right on the
voltage axes and decreasing its slope; conversely, at lower concentration (500 nM) Spe induced completely
opposite effects. In 62% of the neurons the inhibitory effects were accompanied by a slowing down of the
activation kinetics relieved by a conditioning pre-pulse to +50 mV. The biphasic effects and their rapid onset
and offset time course may be explained if multiple sites of action with a different afﬁnity for Spe are present
directly on the channel. The effects of Spe on HVA Ca2+ currents were strongly dependent on [Ca2+]ext, high
[Ca2+] powerfully reducing Spe effects. This may be explained if we take into account that as Spe has four
positive charges at physiological pH; it may compete with divalent cations for some negatively charged
regulatory sites. In these experiments, Spe was effective at concentrations possibly reached in physiological
conditions.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThe polyamines putrescine, spermidine and spermine are present
in almost all cells. These organic polycations, protonated at physio-
logical pH, appear to play important roles in protein synthesis, cell
growth and cell differentiation, and their synthesis and degradation
are tightly controlled by several enzymes which are regulated by
cellular activity [See Fig. 4 in ref. 1].
Aizenman and coworkers [2] have shown that neuronal activity
induces expression of ornithine decarboxylase, an enzyme which
controls the rate-limiting step in mammalian polyamine synthesis,
resulting in additional production of spermine (Spe). In turn, Spe can
interact with various ion channels. It blocks the inward-rectiﬁer K+
channels from the intracellular side, and acts at extracellular sites on
neurons to potentiate the activity of NMDA receptors. Intracellular Spe
has also been shown to control rectiﬁcation and the total amount of
current ﬂow in some subtypes of AMPA and kainate receptors [3,4],
and to block non-selective cation channels [5]. This polyamine has also
been found to modulate high-voltage activated (HVA) Ca2+ currents in
DRG neurons, although at very high extracellular concentrations [6],
and modulate L-type Ca2+ currents from the inside as well as the
outside the cell membrane in smooth muscle cells [7–9].menti).
S Raffaele, Via Olgettina 60
l rights reserved.,Spe is co-secreted with neurotransmitters and may itself be a
putative neurotransmitter or neuromodulator itself [10–12]. Little is
known about the effects of Spe on HVA N-type Ca2+ channels
(CaV2.2). These channels are expressed in endocrine cells and
primarily in neurons, where they initiate neurotransmission at
many fast synapses and mediate Ca2+ entry into cell bodies and
dendrites [For a review of the literature see ref. 13]. Spe can bind to
their α2δ subunit [14], and may modulate the actions of ω-conotoxin
GVIA, speciﬁc N-type channel blocker, through a mutually exclusive
binding process [15]. In adult rat dorsal root ganglia (DRG) neurons,
N-type current component represent about 50% of the total somatic
HVA Ca2+ currents [16]. The aim of this work is to investigate the
effects of Spe on N-type Ca2+ channel currents in adult DRG neurons
of the rat.
2. Materials and methods
2.1. Cell preparation
The methods used in this study are similar to those previously
reported [16]. DRG were dissected from Wistar adult rats (175–
200 g; 6–7 weeks old). The animals were killed following the
instructions of the ethics committee of the University of Milan. The
animals were deeply anaesthetized with diethyl ether (Carlo Erba,
Italy) and killed by cervical dislocation. The dorsal column was
excised. After laminectomy the spinal cord was removed and the
ganglia were collected in a cool Ca2+-free Tyrode solution. The
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Tyrode solution, containing 1% trypsin (Sigma type XI-S) and
0.015% collagenase (Sigma type I-S) at 37 °C for 12 min. The
fragments of the ganglia were then gently minced in a solution
containing 0.1% DNAse (Sigma type II). After centrifugation, the
cells were placed on uncoated Petri dishes (Nunc), in Tyrode
solution at room temperature. Recordings were carried out in the
6 h which followed.
2.2. Patch-clamp recordings
Standard whole-cell patch-clamp technique was utilized. The cells
with a diameter ranging between 15 and 25 μm (small cells) were
voltage-clamped using patch pipettes of 3–4 MΩ resistance. An
Axopatch 200B integrating patch-clamp (Axon Instruments, USA) was
used interfaced with a PC. Analog signals were low-pass ﬁltered at
5 kHz and the data were digitized at a sampling rate of 100 μs using a
Digidata 1200 Series Interface (Axon Instruments). A home-built two
barrel fast perfusion exchange system was utilized to determine time
course of the onset and offset of drug effects. Solution changes were
typically complete within b10 ms.Fig. 1. Biphasic effects of Spe at different concentrations on N-type Ca2+ channel currents in ra
0.2 μM ω-agatoxin IVA to the extracellular solution. Experiments were carried out in patch-
means of depolarizing steps (only the step to −20 mV is shown for clarity) from a holdin
superfused at lower concentration (500 nM), the currents were markedly increased (E). In al
effects as those illustrated above were also investigated by means of a ramp protocol (inset
current to voltage (I–V) relationships (B and F). From these recordings, we can see that Spe ch
are the result of a combined effect of Spe on whole-cell conductance and voltage-dependen
voltage, measured from the tail currents from the step experiments in A and E after leakag
compared with panels D and H, where the relative conductance is calculated from the curren
membrane potential and Einv is the potential at which the currents are inverted). All traces ar
the whole-cell maximum conductance, shifts the activation curves along the potential axis,2.3. Data acquisition and analysis
Data acquisition and analysis took place using pClamp programs.
The linear component of the leakage current was calculated and
subtracted from the current traces. In some cells capacitive transients
and leakage currents were compensated by subtracting residual Cd2+-
insensitive currents recorded after adding 500 μMCd2+ to the external
medium. The effects on Ca2+ channel currents were taken into account
only when the recovery was at least partially observed after washing
out the drug. The cells with low-voltage-activated calcium currents
were not used. Data were presented as mean values±SEM. Where
speciﬁed the results were analyzed for statistical differences with a t-
test or using two-way ANOVA method followed by Bonferroni post
test, with GraphPad software Prism 4.
2.4. Stimulation protocols
To distinguish between effects on the currents due to changes in
whole-cell Ca2+ conductance and those due to a shift of the current
activation curve along the potential axis, a ramp of increasing
potentials was adopted. This stimulus protocol provides informationt DRG neurons. N-type current component was isolated by adding 10 μMnifedipine and
clamp whole-cell conﬁguration with 3 mM Ba2+ as a charge carrier. Currents evoked by
g potential of −70 mV were inhibited by Spe 500 μM (A). Conversely, when Spe was
l the panels, C stands for control and R for recovery upon washing of the drug. The same
s in panels B and F). Ramps of potential (1 mV 1 ms−1) were utilized to quickly obtain
anges the voltage to peak, indicating that the effects on the current intensity seen above
t characteristics of N-type Ca2+ channels. Panels C and G show the current activation vs.
e and capacitive transient subtraction. Note that no relevant differences are present if
ts (I) shown in B and F respectively (relative conductance= I / (Vm −Einv) where Vm is the
e normalized, with the control trace being set to 100%. Note that Spe exerts its effects on
and changes their slopes.
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characteristics from the same recording, according to Ohm's law.
Although some limitations may exist when voltage-ramp data are
converted in I-V relationships, it is necessary to take into account that:
1) the acutely dissociated DRG neurons were almost spherical and
only cells with small diameter were chosen, and we took care to
discard cells that appeared not to be well voltage-clamped. 2) The I-V
relationship obtained using ramps permits the precise estimate of the
peak parameter variations as the sampling is higher in comparison
with steps which are necessarily limited in number. 3) Ramp protocols
permit fast recordings and reduce the Ca2+ or Ba2+ ions which ﬂow
into the cell, in this way reducing the effect of current inactivation and
rundown. 4) Some comparisons were made and no relevant
differences were observed between I-V relationships obtained with
a ramp or step potentials from the same cell in our experimental
conditions (Fig. 1C vs. 1D, and 1G vs. 1H). The holding potential for
both ramp and step protocols was −70 mV; the ramp started at
−40 mV and its slope was 1 mV ms−1; Step potentials were deliveredFig. 2. In about 60% of cells, Spe (500 μM) induced a voltage-dependent slowing down of the a
For the experimental protocols, also see Fig 1. 3 mM Ba2+ was utilized as a charge carrier. (A a
−70mVwas adopted to test the voltage-dependence of Spe effects. The pre-pulse (Δ) relived
to peak. In all the panels, C stands for control and R for recovery uponwashing of the drug. (B)
in A are the result of a combined effect of Spe on whole-cell conductance and voltage-depen
traces in B. These show that the conditioning pre-pulse to +50 mV has an evident but partia
seen in control conditions. The activation phase of all the currents elicited by means of a pu
I tð Þ = A1 1− exp−t=τ1
 
+ A2 1− exp−t=τ2
 
+…
For the sake of clarity, the current traces inhibited by Spe in panel A, dashed rectangle, are e
current in control was best ﬁtted with a single-exponential curve, with a τ of 0.95 ms, wher
exponential curve, where τ1was 0.85ms and τ2was 3.03ms. The relative amplitudes A1 and
induced a facilitation of the modulated currents, thus eliminating the slow activation compo
shows the mean time constants in control (τ control), Spe-inhibited currents without condi
and τ2 Spe) and with conditioning pre-pulse (τ SpeΔ) (n=9).at the potentials indicated. On occasions, a 30 ms conditioning pre-
pulse to +50 mV followed by a 10 ms repolarization to the holding
potential was imposed before the depolarizing ramp or step (Fig. 2). A
standard 0.2 Hz frequency of current activation was adopted
throughout this work, unless otherwise indicated.
2.5. Solutions
The bathing extracellular solution was: (in mM) CholineCl 110,
TEACl 20, BaCl2 3, MgCl2 1, HEPES 10, Glucose 8 at pH 7.4; and
intracellular solution was: (mM) CsCl 100, TEACl 30, MgCl2 0.8, HEPES
10, Glucose 8, EGTA 10, pH 7.3. The solutions were titrated with CsOH.
Choline+ replaced Na+ in order to block the currents through
tetrodotoxin insensitive sodium channels. Ca2+ replaced Ba2+ in some
experiments when indicated. Nifedipine was used under conditions of
very low illumination. It was dissolved in ethanol and added to the
extracellular solution just before recording. A similar amount of
ethanol (0.05%) was also added to the control solution; at thisctivation kinetics (VDSK) by increasing the time to peak of N-type Ca2+ channel currents.
nd B) A 30 ms conditioning pre-pulse to 50 mV (Δ) followed by 10 ms repolarization to
in part the inhibitory effects accelerating the activation kinetics and decreasing the time
Spe changes the voltage to peak, indicating that the effects on the current intensity, seen
dent characteristics of N-type Ca2+ channels. (C) Activation curves calculated from the
l effect in returning the activation curve to the potentials, the slope and the magnitude
lse protocol (panel A) was ﬁtted with a sum of exponentials:
nlarged and shown in panel D with the ﬁtting curves. The activation time course of the
eas, during Spe inhibition the prolonged current activation was best ﬁtted with a two-
A2 of the fast and slowcomponents were around 50% each. A conditioning pre-pulse (Δ)
nent and restoring a fast, single-exponential activation time course (τ=0.9 ms). Panel E
tioning pre-pulse (with two signiﬁcantly different time constants: ⁎⁎⁎ Pb0.001: τ1 Spe
Fig. 3. Spe at different concentrations induced opposite effects on N-type Ca2+ channels.
The bars at the top indicate the time course of the blockers and Spe concentrations
added to the external solution (μM). 3 mM Ba2+ was utilized as a charge carrier. Below, a
series of currents evoked by means of step depolarization in the same cell are shown,
whereas 500 μMSpe inhibited the N-type Ca2+ channel currents, 0.5 μMSpe induced the
opposite effect. Both the effects were reversible upon washing of the drug. The dashed
line was traced by eye through the peaks of the control currents for ease of recognition
of Spe facilitation and inhibition.
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was added to the extracellular solution. APV, nifedipine, guanosine 5′-
O-(3-thiotriphosphate) (GTP-γ-S) and guanosine 5′-[β-thio]dipho-
sphate (GDP-β-S) were supplied by Sigma-Aldrich (Milan, Italy), and
ω-Agatoxin IVA and ω-conotoxin GVIA by Bachem (Heidelberg,
Germany). All recordings were taken at room temperature.
3. Results
The N-type Ca-channel component was isolated by adding 0.2 μM
ω-agatoxin IVA and 10 μM nifedipine to the extracellular solution. An
extracellular 3 mM Ba2+ solution was utilized in whole-cell patch-
clamp experiments on DRG neurons acutely dissociated from Wistar
adult rats. Where indicated, Ba2+ was replaced with Ca2+ as a charge
carrier. Spe was added to the extracellular solution in a range of
concentrations from 50 nM to 500 μM. At all the concentrations tested,
Spe strongly affected N-type Ca2+ channel currents, by increasing and
decreasing it at lower and higher concentrations respectively. Table 1
summarizes the effects of Spe on the intensity of N-type current.
Measurements were taken at the peak currents evoked by means of a
ramp protocol (See 2.4. Stimulation protocols) and calculated as a
percentage variation of control currents set to 100%. Only cells in
which the effects were clearly reproducible during subsequent
perfusion of the drug were taken into account. In Table 1, the results
are grouped as ‘current reduction’ (Fig. 1B) and ‘current increase’ (Fig.
1F). The current reduction was further distinguished in a voltage-
independent steady-state inhibition (VISSI), reversed only upon drug
washing, and a voltage-dependent slowing of the activation kinetics,
(VDSK) which was also typically reversed by a conditioning pre-pulse
to positive potentials [17,18]. VDSK was observed only in association
with VISSI on N-type Ba2+ currents (Fig. 2). Spe also induced a shift in
the current peak along the voltage axis of the I-V relationships in
experiments with ramps and steps of increasing potential in all the
cells tested. The distinct effects on the voltage-dependent character-
istics and the maximum conductance (Gmax) can be clearly observed
on the activation curves (Figs. 1C, D, G, H and 2C). In most of the cells
tested, 500 μM Spe induced a decrease in N-type Gmax (ΔGmax=
−23.8%±5.4% of control; n=16), whereas 500 nM Spe induced a Gmax
increase (ΔGmax=+48.8%±10.1% of control; n=5). Both the opposite
effects were observed on the same neuron when the two Spe
concentration were utilized (Fig. 3). N-type activation curve shifted
to positive potentials with high Spe concentrations (500 μM; +7.8±
1.1 mV at the midpoint; n=16) decreasing in slope (Figs. 1C and D, and
2C), while low concentrations of Spe shifted the activation curve to the
left (500 nM; −6.5±1.5 mV; n=5) and increased its slope (Fig. 1G and
H). The VDSK was analyzed by means of a ﬁtting procedure of the
current rising phase (Fig. 2A and D). The activation time course for the
control currents was best ﬁtted with a single-exponential curve, withTable 1
Effects of spermine (Spe) on N-type HVA current
[Spe] μM % reduction of control±SEM (n) % increase of n tot
VISSI VISSI+VDSK
control±SEM (n)
500 −29.4±9.35 (6) −38.8±5.9 (10) +20.1 (1) 17
50 −10.4 (1) – +71.8±26.5 (5) 6
5 −53.5±3.48 (2) – +265.4±77.9 (5) 7
0.5 – – +104.1±20.2 (5) 5
0.05 – – +18±2.5 (5) 5
Spe was perfused externally at the concentrations indicated in the left column. Ba2+
(3 mM) was used as charge carrier. The effects are measured at the peak of the currents
evoked by means of a ramp protocol and referred to as a percentage variation of control
set to 100%. VISSI: voltage-independent steady-state inhibition of the current. VDSK:
voltage-dependent slowing of the activation kinetics. This VDSK effect of Spe was
observed only in association with the VISSI. n is the number of cells tested. Only cells in
which the effects were clearly reproducible during subsequent perfusion of the drug
were taken into account.a τ of 1.24±0.21 ms (n=9), whereas in the modulated currents the
prolonged current activation was best ﬁtted with a two-exponential
curve, where τ1 was 1.23±0.13 ms and τ2was 5.2±0.62ms (n=9). The
relative amplitudes A1 and A2 of the fast and slow components were
around 50% each. A conditioning pre-pulse induced a facilitation of
the modulated currents, thus eliminating the slow activation
component and restoring a fast, single-exponential activation time
course (τ=1.3±0 ·14 ms, n=10) (Fig. 2E).
Panel B of Fig. 2 shows the effects of a positive pre-pulse on the I-V
curve obtained by means of a ramp protocol. The current to peak is
increased and shifted to left on the voltage axis. The activation curves
processed from those I-V traces show that the conditioning pre-pulse
to +50 mV has a partial effect in returning the activation curve to the
potentials, slope and magnitude seen in control conditions. These
observations suggest that 500 μM Spe induces two distinct inhibitory
mechanisms on N-type currents in these cells. The VDSK seems to be
additional to the VISSI inhibition because when it is present the
percentage of inhibition compared to control tends to increase from
−29% to around −39% (Table 1).
At the end of some experiments, ω-conotoxin GVIA 5 μM was
added to the external solution to block N-type currents. The residual
current was negligible, which would indicate that R-type currents are
nearly absent in these cells [see Fig. 4 in ref. 16]. Spe (500 nM) failed to
increase the residual current. (n=5 out of 5 cells tested).
We looked for a correlation between the effects of Spe (from 50 nM
to 500 μM) on Gmax and on the voltage-shift of the activation curve.
The linear regression analysis of data points shows that the change in
conductance correlates reasonably well with the voltage-shift
(R2=0.818; data not shown).
Some experiments were carried out on total HVA Ca2+ currents at
varying external Ca2+ concentrations. The effectiveness of Spe is
strongly inﬂuenced by [Ca2+]ext. The biphasic effects of this polyamine
are evident even on total HVA Ca2+ current, conductance, and
voltage-dependent characteristics at the lower [Ca2+]ext, whereas, at
3 mM [Ca2+]ext or higher concentrations the effects tend to disappear
(Fig. 4).
The time course of the onset and offset of the effects of Spe on N-
type currents was evaluated by means of a fast perfusion exchanger
device. As shown in Fig. 5, the inhibitory effect of Spe takes place in a
few tens of ms during the depolarizing step and persists until the
second test pulse, 500 ms after the perfusion of Spe is stopped. The
Fig. 5.Onset and offset time course of inhibition of Spe (500 μM) on N-type Ca2+ channel
currents. The time course of the effects of Spe was studied by means of a fast solution
exchanger device. The bar indicates the time at which Spe was delivered. The pulse
potentials are indicated in the upper part of ﬁgure. The stimulation protocol consists of a
160 ms pulse, during which Spe is delivered for 60 ms as indicated, followed by other
30 ms test pulses, one every 0.5 s. A previously recorded control current (C) is
superimposed to the ﬁrst pulse for comparison. The two arrows indicate the position on
the current trace where the electrical artifact at the beginning and end of the Spe
perfusion has been blanked for the sake of clarity. After less than 10 ms of latency, the
onset of inhibition begins and takes place in a few tens of ms during the depolarizing
step. The Spe effect persists until the second test pulse, around 0.5 s after the perfusion
of Spe is turned off, and then the currents recover to a maximum after three further
steps, i.e. 2 s later. (3 mM Ba2+ was utilized as a charge carrier).
Fig. 4. Spe effects on HVA Ca2+ current, conductance and voltage-dependent
characteristics are strongly inﬂuenced by Ca2+ concentrations. The effects of 500 nM
and 500 μM Spe (Filled dots and ﬁlled triangles respectively) were tested at different
Ca2+ concentrations in the external solution. The biphasic effects of Spe are evident even
on total HVA Ca2+ current (A) conductance (B) and on the voltage to peak of the I–V
curve (C) at the lower [Ca2+]ext, whereas at 3 mM [Ca2+]ext or higher concentrations the
effects are strongly reduced. Each data point is the average value of the number of
samples indicated, and is evaluated for statistic signiﬁcance by means of a t-test: the
currents-to-peak measured at 0.5 and 2 mM [Ca2+]ext were signiﬁcantly different from
the controls without Spe, while no signiﬁcance (PN0.05) was found for data points at 3,
5 and 10 mM [Ca2+]ext. The vertical bars indicate±SEM. The data obtained at the lower
[Ca2+]ext were also analyzed for statistical differences between the effects induced by
low and high [Spe] using the two-way ANOVAmethod followed by Bonferroni post test.
The asterisks indicate a highly signiﬁcant difference (⁎⁎⁎ Pb0.001).
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later). The augmenting effects of Spe have a similar time course (Data
not shown).In some recordings carried out with 500 μM GTP-γ-S or 500 μM
GDP-β-S (nonhydrolysable GTP and GDP analogs, known for their
roles as activators or inhibitors of the GTP-binding proteins) inside the
pipette, the augmenting effect of 500 nM Spe on Ca-currents persisted
(Ipeak=+78.7%±21%; n=5), along with the inhibiting effect of 500 μM
Spe (Ipeak=-31.6%±12%; n=5) (Data not shown).
4. Discussion
The data presented here show that Spe affects N-type Ca-channel
currents even at the low μM and nM range in DRG neurons of the rat,
i.e. at concentrations possibly reached in physiological conditions [19].
It is reported in the literature that Spe inhibits Ca2+ currents in DRG
neurons at very high concentration, with an IC50 value of approxi-
mately 8 mM [6,20]. Perhaps the discrepancy between our results and
data from the literature depends on Spe binding to other molecules,
such as high energy phosphates sometimes present in solution, or to
negative charged surfaces, with the reduction of the free Spe
concentration [7,21]. However, themost important factor in determin-
ing Spe efﬁcacy is probably the divalent cations present in the
solution. Spe has a polycationic structure with four positive charges
at physiological pH, and may compete with divalent cations for some
negatively charged regulatory binding sites [6]. Our data show that
the effects of Spe on HVA Ca2+ currents are strongly dependent on
[Ca2+]ext, high [Ca2+]ext powerfully reducing Spe effects on conduc-
tance and voltage-dependent characteristics (Fig. 4). This may
explain why the voltage-dependent characteristics of Ca-currents
were not affected in the intestinal smooth muscle of guinea-pig
when 1 mM Spe was added to the external solution containing
10 mM Ba2+ and 1 mM Mg2+ [8]. The data presented here are in
agreement with the observation that this polyamine at sub-mM
concentrations is more effective in reducing neurotransmission at the
lower Ca2+ levels in hippocampal slice [22]. Similar data have been
reported for other polyamines [23].
Spe inﬂuences L-type Ca2+ channels from the inside as well as the
outside of the cell membrane [7–9,24], and intracellular but not
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in Aplysia neurons [25,26]. However, in our experimental conditions
(i.e. whole-cell conﬁguration) endogenous Spe inside the cell should
be subjected to dialysis and its concentration should rapidly decrease
during recording, whereas externally perfused Spe conserved its
effectiveness during this time (Fig. 3). Moreover, the effects observed
were rapid in onset and readily reverted upon washing (Fig. 5),
suggesting that the compound does not need to enter the cell interior
to block the channel activity. This suggestion is in agreement with the
observations of other authors [9]. Another ﬁnding which supports the
external action of Spe in the experiments presented here is the strong
inﬂuence of extracellular divalent cations on its effectiveness, with
grater effects of Spe on Ca-currents at lower [Ca2+]ext (Fig. 4).
At least two distinct effects of Spe on N-type channels were
observed: one on the whole-cell conductance, the other on the
voltage-dependent characteristics, both of which shift the activation
curve on the voltage axis and change its slope (Figs. 1 and 2). It is
remarkable that the effects on conductance and the voltage-
dependent characteristics synergically alter the amount of current to
peak ﬂowing through Ca2+-channels. These effects remain correlated
(R2=0,822) when the currents are inhibited and augmented, which
would suggest that a common mechanism may be responsible for
them.
It has been suggested that Spe stabilizing membrane phospholi-
pids [27] may alter the function of membrane proteins and second
messenger systems [6]. It has on the other hand been noted that Spe is
able to co-activate with Ca2+-ions a Ca2+-receptors [28,29] belonging
to the ‘family C’ of G-protein-coupled receptors, and also expressed on
the plasmatic membrane of DRG neurons [30]. The fast onset of Spe
effects (Fig. 5) and their persistence in the presence of high
concentrations of GTP-γ-S or GDP-β-S inside the cells would appear
to exclude the contribution of receptors and second messenger
systems in mediating the effects on Ca-currents. Moreover, elevation
of [Ca2+]ext is reported to be synergic with Spe in activating the Ca2+-
receptor [28], while we have observed the opposite effect (Fig. 4). The
voltage-dependent facilitation of the Spe-inhibited currents shown in
Fig. 2, which is kinetically similar to a previously described G-protein
mediated effect [18], is not necessarily caused by a G-protein
activation, but may be caused by the direct action of Spe in the ion
permeation pathway, as suggested for Cd2+ block of HVA Ca2+-
channels [31]. This mechanism should be compatible with the fast
onset of Spe action (Fig. 5), and the apparent faster inactivation of the
pre-pulse facilitated current (Fig. 2A Spe⁎) may be explained as a re-
blockage of the channel.
Spe exerts biphasic effects on Ca2+-channels: inhibitory in the μM
range, and inverting to facilitation at nM concentrations (Figs. 1–3).
This complex action is not completely surprising, as we know from
the literature that Spe displays a bimodal action on the nicotinic
acetylcholine receptor, increasing the ion ﬂux at sub-μM concentra-
tions and acting as a competitive inhibitor at mM concentrations
[32]. Similarly, Spe in the μM range enhances NMDA receptor-
mediated currents, but inhibits those currents at higher concentra-
tions [33,34]. Other polyamines, such as arginine polyamine, share
similar characteristics on K channels [35]. The precise mechanisms
responsible for the biphasic action of Spe so far remain unknown.
However, these effects may be explained if multiple binding sites
with opposite action and a different afﬁnity for Spe are hypothesized
on the external side of the channel [6,15,36] or on regions within
open channels. The augmenting effects share some similarities with
the action of Bay K 8846, a dihydropyridine known to increase L-type
calcium currents and shift the I-V peak to negative potentials. The
action of Bay K 8846 at single channel level favors very long channel
openings without affecting the unitary current amplitude [37].
Similarly, the effects of Spe on N-type Ca and Ba-current may be
explained if we assume a change in channel gating. Differently than
Bay K 8644 that acts slowing the L-type channel closing, Spe that donot affect tail currents in N-type channels, may exert its action
facilitating channel opening.
To sum up: 1) the rapid onset and offset of the effects suggest an
action of Spe on the external side of the membrane; 2) a rightward
shift of the voltage-dependence of gating caused by interaction of the
positive charged Spe with surface negative charges cannot be ruled
out. However, 3) the data obtained by means of pre-pulse protocols
may also suggest that Spe enters the pore shifting the channel to a
nonconducting state and it may be propelled back into the external
solution by positive pre-pulses that return the channels free and
conducting. 4) To explain the increasing effects of Spe on Ca-currents
at nM concentrations it seems necessary to assume the existence of at
least another regulatory or allosteric binding site that modiﬁes the
gating processes. 5) The actions of Spe at the diverse sites then are
differently counteracted by external Ca2+ that reduces or abolishes
them at increasing concentrations. All together these mechanisms
should give account of the complicate effects observed, although some
aspects remain controversial.
4.1. Physiological considerations
N-type calcium channels, (CaV2.2) expressed in endocrine cells and
primarily in neurons, are involved in neurotransmission at many fast
synapses [38,39] and mediate Ca2+ entry into cell bodies and
dendrites. This channel type is also implicated in synaptogenesis
and the regulation of gene expression [40,41]. N-type currents
represent about 50% of the total somatic HVA Ca2+ currents in adult
rat sensory neurons [16]. Spe, co-secretedwith neurotransmitters, and
released into the extracellular space speciﬁcally by NMDA receptor
activation, may itself be a putative neurotransmitter or neuromodu-
lator [10–12]. This polyamine, which exerts strong, complex regula-
tory action on N-type channels, has a potential role in the regulation of
neuron excitability and synaptic transmission. In turn, neuron activity,
by inducing the expression of ornithine decarboxylase, leads to the
additional synthesis of Spe [2], to bring about a powerful regulatory
cycle. The biphasic effects of Spe, as observed at low [Ca2+]ext
especially, may also be physiologically relevant, because [Ca2+]ext can
fall below the mM range during intense neuron activity in both
pathological and physiological conditions [42–44]. On the other hand,
the effects of Spe on synaptic transmission may not be exclusively
mediated through N-type Ca2+ channels, and some reports suggest
that Q-type channels may be affected as well [45]. All of the above
reinforces the idea that Spe may play an important role in long-term
potentiation, synaptic plasticity, and neurotoxicity. On the other hand,
as the neural somata of small sensory neurons can have Ca2+-
dependent exocytosis [46,47], Spe may play a role in the regulation of
interneuronal signaling in DRG.
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